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A CONTRIBUTION TO THE TIEORY OF UPWEILTMNG, PART 1Y
The Most Favorable Condition for Upwelling and
ths Coastal Currents Induced by Winds

By
KGJT TTDAKA

ABSTRACT

In Technical Feport lio. 6 of this project the aithor showed the
possibility of upwelling induced by a wind blowing pasilel to the
coast 4n such a mannor that; in the northern (southern) herdsphers,
the coast 1s on the left-hund (right-hand) side of an ¢bsarver who
locks in the direction of the wind. In thde report bs :hows that an
offshore vind bloving perpendicular to the coast can als: zive rise
to a sirdilar circulation iz the same vertical piane, but in this case
with miek weaker intensity, From this result 414 can be concluded that
tha most intense vpwelling will occur when the wind makas an anpgle
of 21,5° vith tha ecosst line in an offshore direction. In addition
to these circulgtions in the vertical plane there exis{ horisonial
currents parzllel ¢o the ooast, These will coniribute to the {forration
of tle coanstal or longshore cuwrrohts wuch dotated tesently. The hori-
zontal components of tho metion under eonsidergtion shovw & vertical
varlation vezy sirilar to the Eloman spiral at some distance from “he
coast., .

1. Upyelling Due to g Wind Jio} Parellel to the Coggt. In the (irst
report on the subject of upwellin; (Tecinical Aeport No. 6 of =

project) the author has shown ths possibility of upwelling indvced by

a vind blowving pamllsl to the coast. The result was tat vien e vind
blows parallel to the coeet in such a ranmmar tlat, in the northera
(scuthern) hemisthere an cheserver looking in the direcdon of tie wind
has the sea on his left-hand {right-!and) side, there ndsts an intense
circulation in a vertical plane perpendicular to the coast (¥ ¢ -plare).
Tris upwelling takes place close to thie coast and has 1 velocity wthich
is consistent with observatione.

It may bo anticipated, however, that a similar ci-culzticn can also
ba produced in the aane vertical plane by an offahore #And. that iz, a
wind bloving offslore at richt angles to the ccast. To evaluats ilhis
circulatior 43, of course, possible by assuming a wind stress in tue
Z- direction, Suppose we have a wind not perpendicular to, but o= ing
a certain anole witi. the coast, and divide the stress ~ into its %~
and ,- components {Figure 1). Then the surfece conditisns (17) in
Technical Heport llo, 6 should be replaced by

\' o~~~ 2
pro. =4 b T ~A,%¢:.,,
e

()



vhere .. axd U arethe X- and oxzponents of current veloaity,
£, amd Z, are thoss of wind m-mwmmmﬂw
aquations w]ﬂ boundary conditions remain the sare,

In =uctly the game manner as in the first report, we oan integrate
the equations of notion and cbiain the strean funas’ion in the vertical
plane perpendicular to the coast and the componenis « amd v~ of the
horizontal aurreat. They are

I,ﬂ(z z) 'realpartof

-Jn‘)lf 277':: .‘%;

LZT'((;*L‘@ M)D / Ml)iua) _ :—/-df} (2)
ey i A ' f‘)‘+_2f7“'¢.
and oo e 2 e
e / X Jdlrlft{; 2?;
e 20y ri T) MD’\I-MAD,, P
FNM??) ’% yiglf 2’72‘— ~
respectivaly. These expreasicns ¢an be put in reyd forms,
y/(x '2) F“JM_E- ;‘(z) -!l' ’:277 2 é (l 2) g (‘)
. 2T Cy Z: .
o 2R 0,0 - 22 Hue
27 C.
wmfs M, z) + '_';j’"' /V(/ﬁ f) R3)
vhere -
K( 2= (P O‘)((f &_MQ‘/, [) ZPQE’ % ’Da, PP (/ Cc?f’ ) )
“x (¥, - dad
b E* %" A
& P 5o G 1) e dB (i B )
@ (1, &)= [t Q}” Zar 17/’4 ¢ f—wo( /) 2B i- w';oh_cm &)
5 e Q)" A
/7(1 {,_) :_[ Q D O-é-; ¥ PM—-Q&/ €'P£ ,Q‘«V\-f; u’: (’ - Ceo ) &>J¢) (“)
’ s ,Pz‘fq)‘ . a ’



’}y(; 2) ( ’szQ.: OM Qi -’ai A.u.r?E:(I-CJvdE) {(10)

P+ @™
n;ﬁvehava
Dy = TVA fpw ain ¢ (1)
Dy = VA fpw am p - 12)

Here fh axd /"r ere the coefficients 21 horizomtal and vertimsl mixing,
F the dmsity of nea water, w ths engular velocity of the Earths
rotation and ¢. the geeographic latitude,

if wo 1t

w8 havy exactiy the protlam we diec ssed in the first report, is whish
the win! hlovs parullsl %o the coart.

The o“ream function 5 (x,c) apd ? (7,2) , and the functica

Mx,e) et iz &) whi-h glve the horizontal W of velocity

vere cvalustedl by mmerier! oomputetion against ssversl tvluse of */5
and 2/D_ , ard are comr’led in Tales I to IV,

Since s wind of ans direction can be divided into its two horfsonmtal
cooponarte perpardiculiT and parsllel (o the coast, 1t will be sufficient
Jor us to discuss only the vertieca) circulations induced by the offshore
ol longshore winds =0 t© combibe the rssult,

2. Baltexr. of the Aicgl Chrew « Figures 2 and 2 showr the *troem
lines i é-&sm&‘ca%u.wﬂons cad in the plans psrpexiicular to
the ~ocast ( Z2 .- Plane) by longshore end offshore winds respectively.

™ samre $0 Ve on assantisl A1ffavensa hotuman them. BRoth are alnal.
vise cireul: tions and ths strean functiona have nepative walues. In each
of these th. cusss, the wator is upwellad fron levels dseper than 2 = O, ,
but, as 2 lole, 1t sppears that a longashore wind originates upwelled
wvater from doeper lavers ther does an offshore wind. The eirculation in-
&ucedbya‘c\gskmﬁ.tdmsmwhmﬂwiwhdemnthﬁrﬂ
reports The circulatiocn duc tc an offshors vind of the sans siress
carries a muck smaller arount of water then does thnt due to a longshore
¥ind, Yoreovsr, the former las a rather complicated strusture, having
o eddies (Jigure 3) 4n upper lxyers, cno aituwatsd close to the coaszt
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and the other near the cuter boundary of the vind belt. Thiz meane that
upvelling due to a longshore wind is far mocre effective in lowering the
surfaoe temperature of the coastal regions than that inducod by ar. offshore
one, sinoe the former carries much larger amounts of colder water tc ths
surface from deeper layers than the latter.

) . . The smount I' of water
upnllodacrosaulmhﬂmnﬁplmu!dcmmmm
w a distance X ocan be svaluated as

(" e
D= Fedr 2p) 5 d

TF Z//(zf-; 2) - Pl 2)

S A (13;

since the stream faunction wenishes along the coestal w@ll ( Z = O ).
Thus the vertical mass transport / will be largeat when we take X at
& distance at uhich the functions &), and p., have the largest negative
value. Bymmumdhblulmnm;‘igmza-ﬂhmm

ostim=te
77 =z - 0090nx :,Lf:? by loagahore wind (14)
* [/ VN

and
T7 = —0 0355 « :_EZ?? by offshore wind (15)

If the vind blows ir a direction making an angle & with the coast
in an offshore direction (Figure 1), we have

7 = Z@‘MC; :7: ¢ o0 8 (16)

where L is the abscluts zagnitude of the wind stress. Then we have from
(14) and (15)

= (~ 0.0355 arer B = 0090 oo (.'9)

1

e



This slves an approximate amount of water upwslled to the muafuce lgyers
per undt length of the ooest. The moat intznse upwelling will therefors
take place when di/d@ O , or

. ee3sy vy -
tan 6 = PSS or PO = 2/ 8 (18)

providing the magrd tude of wind stress ( remains the sams. Tris mesns

siightly f‘-'-*-‘a' s!fsw.v 2rom the coast line. OF course, v Iave nore
or less upwelling in o zector within X 90° of this diresiion. According
4c Dr. Ameld Gloser, upwelling off the coast of Limm, Peru; appears to
be more inbease vhen the southerlies tlow sligitly deviated in an off-
shore diFsciion miber than vhen they tlow paraiiel to the mast.

In the Gulf of lwxdoo, we havs cesterlies almost 211 ths year round.
This meana ka2t we can alwa;s*e expact upwelling slong the northern cogst
of Gubs end Tucatyn coest of llexies, VWe do not have sny distinet evie
dence of ummlling and tho sxristemcs of colder water off these coasts.
met‘aemm’Awﬂwaajmgoteﬁabirmwaysmof?t}n
Tucatan ccest arcd special bosts ere senit from the United Statss ooosts
for thess people. This fzet may suggest the exdistence of welline in
this regicn. According to the surface observations of the Departnent of
Ceeancgraphy, Agricuitursl and Meehanical Ccllege of Terms made rocently,
there are alsc some indiextions of colder mrfw temperatures ia the
uwngtarn ?art of the Cnif of Maxicn very cle to ths coast. Ie th}'
reaily exist, this temperature distrimtion oy ba zacribed to upwelling
due tc the ensterly vwinds prevailing in these latitudes.

4. Comstal Currants, Recently severnl observations (Putnam, Mmk end
Traylor . 1949; Shepard and Imman, 1950, 1951; Imman and Quimm, 1953)

on the flow of water close or adlmcent to coesta lave beex reportei,

Vany authors have digcussed this subleci, but they have not yet been abie
%0 arrive at a satisfactory explanation of possible eauses of coastal or
longshore cwrrents. Howvewsr, rnost of these currents are ascribed to ihe
action of surf and waves., The longshore componeant which we have obtained
may explsly some part of these flows. Tho expression for this component
is given by

P
"fjm;ﬁ NE, #) ,aﬁf,f“'-‘v /‘7‘(% 2) (19)

vhere [ and // are the Aimetions compiled in Tatles TIT ard IV ard iilus-
trated in Pigures 4 and 5. The two terme in the right-hand membsr of (19;
ehov the longehore currents induced by offshore and longshore winds respect-
ively. If the vwind is parsllel to the coast ve hawe ’(:'xza and

e



TABLZ I. VALUES OF THE STREAlM FUNCTION

G, (x,2)x 10"

2/5‘ | o 1396 | .23 | .5585 | 8378 [1.0170 |1.3963 |1.6755 |1.9548
0 0 o 0 (4] 0 0 0 0 0
2 | o | a7 | a3 | 449 | 461 | 65 | 455 | 25 | <320
% | 0 | w2 | w99 | <125 | -me | <m0 | -me | 82 | 496
6 1o | am | sme | en | ser | eee | sg2 | e | om
.8 0 ~334 =500 87 =891 -887 862 -808 =589
10 | o | 332 | 598 | 865 | 80 | -em | -8 | -0 | -m
1.2 0 -329 =592 =852 ~863 -853 =537 782 -548
14 | 0 |32 | 587 | c8us | w853 | -3 | w2 | B | -sa
26 | O | 326 | -85 | -840 | 848 | 837 | -823 | 75 | 58
TABLE II. VALUES OF ST{EAI! FUNCTION
@7, (z,2)x 10 i

2 /5{0..\ 0 |.39% | .zr93 | .5585 [ .83 (100 (13963 [1.6755 [1.958
0 o 0 0 4] 0 0 4] 0 0
2l o |68 | 203 | 00 | c254 | -2 | -20 | <305 | 202
b0 a9 | s | 0 | -20 | 28 | w25 | w303 | <199
61 o | aam | 309 | w234 | 35 | a3 | aa | w226 | a3
8 1o |62 |25 a2 | -@8 | -8 | -3 | <162 | -85
0 | 0 | -152 | 2% | «238 [ -39 ) 217 | ca3 | am | - @
1.2 | 0 |-us | 248 | <225 | - 5| =3} =30 | <10 | -5
14 |0 |-u8 | -2mu | <124 |- 4| -3 | -] 207 | -
1.6 | 0 [ -147 | 248 | 126 | - 6] -6 | <33 | <0 | -




TABLE ITI. VALUSS OF THE FUNCTION
N, 2)x 10°
a /;/Dh 0] L1396 | 2793 | .5585 | L8378 | 11170 | 1.3963 | 1.6755 | 1.9548
.' v
0 0 +240 27 4284, 4253 4252 +252 +266 4243
o2 (] + 4 64 + 58 + 35 + + 28 4+ 47 + 2
4 10 =31 - 81 -2 021 -45) =42 =B =17
v 0 - 10 - 20 - 38 - 47 - 50 - 48 -39 -29
81 0| « 7| «U| 22| «W| «PN| D[ ~2A| -2
106 | 0| =3 - 6] -1| -122] 12| -12] ~20| -8
3.2 | 0| -~ 1| - 2| -~ 2| «3| -3 -2 -2 -1
14 1 © 0 o| ~1| + 1| + 1| + 1| +1] +1
1.6 0 0 + 1 + 1 4 2 + 2 + 2 + 1 + 1
TABLE IV. VALUES OF THE PUNCTION
My, 2) x j0°
Vi? NG| 0| 0% | 2| s | e | 1m0 | 133 | 1655 | 1958
0| 0] =98 | <174 =2iB | 255 | 23| -263| <R35| A%
2| 0] «7 | Az | 18| a;m | -u82| 97| 75| =129
(2] 0| <% | ~62] - -9%| -%0| -97| -85| -6
6| 0| -12| -2 | -3 | -] -~26]| -2| -26| -18
B 0 - 2 - 3 - 2 4] 4 2 + 1 + 3 + 1
1. (4] + 1 4+ 3 + 6 + 10 %20 + O + 8 + 6
“1..2 C + 1 4+ 2 + 6 + 8 4+ 8 4+ 8 + 6 + 5
1.4 o + 1 + 2 + 2 4 4 ¥ 4 + 4 4+ 2 + 2
1..:'0 0 + 1 +1'41 + 1 4+ 1 + 1 + 1
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vz /’:57%* Mz, 2) , (20)

anl if ¢he wind blows in an offshors directior -erperdicular to the eocast
ve have

L“ = _.‘_2_”:13;..— ﬁ’(}l ?) .

'PUJM ‘!} D_. (21)

Jrom the Tehles III and IV «nd Figures 4 and 5 it ir possible for us to
toll the differsnce between the two cases. 1he coastal current induced

by a longshore wind 1s directed leewnrd a3 frr dowr: as the level 2=095,,
but, the direction of flow ‘s revsrsed at leeper lnvels., On the other
hard, the longshore curren: produced by ea offshore wind flowz to the

right of the wind dirvction only in layers shal’ower them 2 = 0.3 0, .
There iIs a secondary nsxinm of weloelty in the cpporite direction at the
‘pproximate level z = 0. & DL, .

0. Yartdead Vardatiop of liorizontal Cucrenta: F'map Spirpl. The

ex - reasions

p«_:,m:pﬁ Mz, ) 'm M, 2) 7

(’ (22)
- 2’ 27? (..

oy A (AR & NE2) o

for the worizontal cirrenis show that the a w'le between the wind and
surrest Jnduced at a ;iver depth dopemig o-2: !

m_tm-mmﬁ- Tre angle between the wind and
the surfa'e current imuuced by it ip compute for several points at
different 1istances fro: the ecast and compiied in Table V,
Table ¥V

The ‘ngle Betwesr. “he Hind and Sr”ace Qwrent

/ : -~ -~ S o - - . .
‘D, 10,0000 .1396 2793 _£585 g 1,110 1.3563  1.6755 1.9
nee 02  22.20 2,28 41,20 45,2% A&4l3?  46-3° 4L5® 35,7

Thuat}nmxgmbemﬁcntm viné and surface eurremt is nearly 45°
at the nlddle part of th» wind bolt, tut decreases both towurd the coast
and outer margin of the +ind belt. Along the coast thers is e vory weak
currert in approximately %Yo same direeticn as the wind, The vertical
variastion of currents is p:actically equal ¢ the Faman spirel along tie

-.-.8 ]




me“jan line of the wind bolt, btut is re or leaa flattensd doao to the
coact and near the outer margin of the wind belt. Some of umua spirals
are 1liustrated in Figure 6.

6. u%;ggm. The author hereby expresses ris sincerest erpreciation
to Dx. e F. Leipper, fead of the Department of Cosanogrsphy, Agricultmwl
and Mechanicel College of Texas, who encouraged thc author in carrying out
the present research and publishing the result during ide stay in the
Department. He is also much obliged to Dr. leiprer, Robert 0. Reid ard

Dr. Arncld Glaser for their valunble sugrestions nnd inforration.
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